Low ash content coal as a fuel for chemical looping combustion for the production of clean energy along with CO2 capture has been well established. However, major coal deposits in the region of Asia-Pacific and Australia are of high ash content and thus, pose difficulties in utilization of this technology. Therefore, an attempt has been made in the present work to study Simulated results show that for A and B, fuel conversions are 93.8% and 87.79% respectively and that purity of CO2 in air reactor exhaust are 89.12% and 90.73%. It has also been observed that, components of ash such as CaO, Fe2O3 show significant reactivity at the operating conditions, whereas, SiO2 exhibits almost negligible reactivity. Further, in case of high ash coal, due to its low carbon content, the fuel requirement increases to sustain operating conditions.
Various simulation based investigations have been carried out on different segments of the above process such as a single reactor. One such CFD based study is by Deng et al. [3] on reaction kinetics of chemical looping combustion for fuel reactor only using FLUENT. They studied the effect of particle diameter, gas flow rate and bed temperature on fuel conversion. Further, a three dimensional CFD model for circulating fluidized bed fuel reactor has been developed by Wang et al. [4] using solid coal as a fuel and ilmenite (FeTiO3) as an oxygen carrier. However, they have only evaluated the effect of operating variables on the fuel conversion of the fuel reactor.
Furthermore, Wang et al. [5] developed a three dimensional numerical model for reactions between coal gas as fuel and cuprous oxide on alumina as an oxygen carrier for fuel reactor only considering kinetic theory of granular flow and analyzed the effects of the operating conditions such as bed height, bed temperature and operating pressure on fuel conversion. Though, Kruggel-Emden et al. [6] conducted an interconnected multiphase CFD simulation study of chemical looping combustion using methane as fuel and Mn3O4 supported on Mg-ZrO2 as oxygen carrier for two separate systems, where bubbling fluidized bed is used for fuel reactor and riser as air reactor, their study did not include the interaction between the two reactors. In the absence of actual interaction study, they considered a time dependent mass exchange between these two reactors through inlet and outlet boundary conditions only.
Though, a considerable work has been carried out in the field of chemical looping, there appears to be substantive gap related to CFD based study of the complete process which incorporates the flow of material through fuel reactor, air reactor and their inter-connecting parts simultaneously to incorporate interaction between various parts of the process. To bridge the above gap, the present CFD simulation is carried out for a 25 kWth complete pilot plant developed at Ohio State University, USA and discussed by Kim et al. [7] . They have discussed and reported the design criteria and operating conditions of the pilot plant wherein, two fuels namely sub-bituminous coal (SBC) and metallurgical coke (MC) have been used, one at a time, with iron (III) oxide supported on alumina as an oxygen carrier. They have considered eleven reactions that are taking place inside the fuel reactor and air reactor and their inter-connecting parts. A search in this regard, however shows that, they did not consider a few significant reactions for this purpose and neglected the effect of ash in the reactions. In the present work the CFD model is first verified against the reported results of the pilot plant data for the fuels SBC and MC. The model predicted values of fuel conversions for SBC and MC are 95.39% and 87.07% respectively while; the literature reported values are 97% and 81%. Furthermore, the predicted purities of CO2 in fuel reactor exhaust streams are 90.19% and 92.57% while; the reported values are 99.8% and 99.6% respectively for SBC and MC. After the validation of the present model, it is applied on two coals found in the region of Asia-Pacific and Australia having high ash content designated as A and B respectively.
Problem description:
In the chemical looping process, as proposed by Lewis and Gilliland [8] , a carbonaceous fuel like natural gas, methane, coal, biomass, etc. first reacts in a fuel reactor with a metal oxide oxygen carrier such as iron oxide, nickel oxide, copper oxide, etc.. After reaction, this metal oxide gets reduced to metal and subsequently oxidizes the carbon present in the carbonaceous fuel. The above reaction yields carbon dioxide and steam as products from which carbon dioxide can readily be separated by removing steam through the process of condensation. The reduced metal received from the fuel reactor is oxidized in the air reactor for its regeneration to metal oxide, which is then recycled back to the fuel reactor for reuse. The above discussed cyclic process is shown in Fig. 1 .
Problem Description:
Geometrical parameters of a 25 kWth pilot plant developed by Ohio State University, USA and described in [7] have been considered for the present CFD simulation. The pilot plant geometry, taken from the thesis [9] , is shown in Fig. 2 with dimension of different section in Table 1 . Two different types of coal namely A and B having high ash contents are used one at a time in the pilot plant with iron (III) oxide as an oxygen carrier [7] . Both coal samples have been selected in such a way that these depict average composition in the range of compositions for coal and ash shown in Figs. 3 and 4. These figures cover overall variation in the components of coal found in the reserves of Asia-Pacific and Australia regions. Tables 2 and 3 show the proximate analysis and ultimate analysis (on dry basis) for two coals i.e.
A and B respectively that are used as fuels in the pilot plant described by [7] . Table 4 describes the composition of ash found in the coals used for simulation. 
Model Development:
A 2-D CFD model for the inter-connected fuel and air reactor is developed using commercial computational software Fluent 6.3.2 and mesh for above process layout has been developed using GAMBIT 2.3.16. The amount of gases injected in the system as well as generated from the reaction amounts to about 90% by volume. Thus, the gas and the mixture of solids are assumed to flow as a fluid inside both the reactors and their inter-connecting parts. This assumption has been used for the development of an approximate CFD model. Eleven reactions discussed in [7] along with 7 other significant reactions plus 6 reactions related to ash (not incorporated by [7] ), as given in Table 6, 7 The equation for mass conservation/continuity equation valid for compressible and incompressible flows can be written as:
Momentum Conservation Equations:
The stress tensor ̿ is given by Eq. 3
The second term on the right hand side of Eq. 3 is the effect of volume dilation.
Energy Conservation Equation:
The conservation of Energy is defined by the following Eq. 4:
.. (5) Species Transport Equations:
The local mass fraction of each species (Yi) through the solution of a convection-diffusion equation for the i th species is solved. It takes the following general form:
Mass Diffusion in Laminar Flows:
In the above Eq. 6, this arises due to concentration gradients. In the present model, dilute approximation is assumed, under which it is defined as follows:
The Laminar Finite-Rate Model:
The net source of chemical species i th due to reaction is computed as the sum of the Arrhenius reaction sources over the NR reactions that the species participate in:
.. (8) Consider the r th reaction written in general form as follows in Eq. 9 which is valid for both reversible and non reversible reactions. For non-reversible reactions the backward rate constant is omitted.
.. (9) For a non-reversible reaction, the molar rate of creation/destruction of specie i in reaction r ( , in Eq. 8) is given by,
.. (10) For a reversible reaction, the molar rate of creation/destruction of species i in reaction r, is given by,
.. (11) The forward rate constant kf,r for reaction r, is computed using the Arrhenius expression
Values of v'i,r , v"i,r , η'j,r ,η"j,r , βr ,Ar and ER are provided to solve Eq. 10
For reversible reactions, the backward rate constant kb,r for reaction r, is computed from the forward rate constant using the following relation:
The value of Kr is computed from the following Eq. 14
.
. (14) Where, the term within the exponential function represents the change in Gibbs free energy, and its components are computed as follows:
.(16)
Reactions Kinetics:
The present study is carried out for two types of coal A, and B; it utilizes 24 reactions for the process which are taking place inside two reactors and their inter-connecting parts. In Table 6 , 11, reactions proposed by [7] are described while, in Tables 7 and 8 , other seven significant reactions and reactions pertaining to reactive ash components with their kinetics are tabulated.
Standard k-ε turbulence model:
The standard k-ε turbulence model described by Launder and Spalding in 1974 is used for the present study.
Eq. 17 is described for turbulent kinetic energy k
And Eq. 18 is described for the rate of dissipation ε In this section, solution technique adopted for the present study is described. The pilot plant dimensions are taken from the mechanical drawing of the pilot plant described in [7] . The boundary condition for air and coal inlets are defined as velocity inlet and mass flow inlet, while, fuel reactor and cyclone exhausts are defined as pressure outlets. Unsteady state simulations are carried out for present study and a time step of 0.001s is chosen for mesh grid size of 0.01(m) obtained from grid independence test for MC during model verification. The computational parameters used in present study are discussed in Table 9 .
Result and Discussion:
In this section, the results obtained from the study of the effect of ash components present in coal during coal direct chemical looping combustion using the validated 2-D CFD model developed in present study is discussed. The previously developed model incorporating eighteen reactions for MC and SBC showed a better agreement with the pilot plant data. In present study only reaction kinetic aspect of ash is studied, the melting of ash and its associated effects, oxygen carrier activity deactivation due to presence of ash, etc. are not incorporated. In the present CFD model, for both the fuels "A", and "B", six more reactions of reactive ash components are incorporated over and above eighteen reactions. While extending the present model to incorporate different types of ash bearing coals, the original dimensions of the pilot plant has not been specifically modified to suite the type of coal. Further, during the present simulation study, the limiting operating parameters like pressure drop, reactor bed temperature of the pilot plant have been kept within the limits fixed for the pilot plant.
In Fig. 5 , a comparison between mass weighted averages rate of reactions (computed using Eq. From Fig. 6 it can be seen that, whereas, fuel conversion for "A" and "B" are 93.8% and 87.89%
respectively on coal basis, it is 89.12% and 90.73% for CO2 purity in fuel reactor exhaust.
Further, the normalized value of fuel flow rate, fuel reactor temperature and air reactor temperature for "A" and "B" fuel, when compared with the similar values of parameters for metallurgical coke, shows that the fuel reactor temperature remains slightly less than the metallurgical coke due to presence of high ash component and presence of reactive ash component which works as an oxygen carrier by transporting of oxygen from air reactor to fuel reactor. Moreover, the fuel requirement for feasible operation is about 1.5-2 times (for both A and B fuels) when compared to the amount of metallurgical coke that is required to sustain operation, and air reactor temperature increases due to combustion of left over carbon in that section.
In Table 10 , the results of sensitivity analysis of the present CFD model are reported. The analysis is in respect to operating pressure of the system as well as air and fuel inlet temperatures on key output parameters such as CO2 purity in fuel reactor exhaust, fuel conversion, and fuel and air reactor temperature. It can be seen that the sensitivity of system for change in operating pressure is significant while, sensitivity for fuel and air inlet temperature is almost negligible.
Conclusion:
In present study, following salient features are observed:
1. Fuel conversion on dry ash free basis for fuel coals "A" and "B" are 93.8% and 90.73%
respectively.
2. CaO and Fe2O3 as a part of reactive ash component shows reactivity under the process condition while SiO2 exhibits a mass weighted average rate of reactions which is less than 10 -20 kmol/m 3 -s indicating that it works almost as an inert material.
3. The amount of ash present in fuel coal increases its fuel flow rate proportionately to maintain required feasible process conditions for chemical looping combustion. The carbon capturing efficiency decreases as fuel flow rate is increased. This observation is in conformity to Abad et al. [10] . Further, it can be seen that overall fuel conversion decreases as amount of non-carbonaceous species increases such as moisture and ash in the fuel coal as also been identified by Azis et al. [11] 4. The carbon dioxide purity in fuel reactor exhaust increases with the rise in fuel reactor temperature for the two fuels used in the present study. This fact is in tune with the observations of Abad et al. [10] carried out for El Cerrejόn coal with less than 10% ash content. 
